Nitric oxide (NO) is thought to play an important neuromodulatory role in olfaction. We are using 5 the hawkmoth Manduca sexta to investigate the function of NO signaling in the antennal lobe (AL; 6 primary olfactory network in invertebrates). We have found previously that NO is present at baseline 7 levels, dramatically increases in response to odor stimulation, and alters the electrophysiology of AL 8 neurons. It is unclear, however, how these effects contribute to common features of olfactory systems 9 such as olfactory learning and memory, odor detection, and odor discrimination. In this study, we have 1 0 used chemical detection and a behavioral approach to further examine the function of NO in the AL. We 1 1 have found that basal levels of NO fluctuate with the daily light cycle being higher during the nocturnal 1 2 active period. NO also appears necessary for short-term olfactory memory. NO does not appear to affect 1 3 odor detection, odor discrimination between dissimilar odorants, or learning acquisition. These findings 1 4 may suggest a modulatory role for NO in the timing of olfactory-guided behaviors.
Introduction

6
Nitric oxide (NO) is highly expressed in olfactory systems (Bredt et al., 1991;  Muller and 1 7 Hildebrandt, 1995; Elphick et al., 1995; Hopkins et al., 1996; Kendrick et al., 1997; Nighorn et al., 1998 ; 1 8 Fujie et al., 2002; Collmann et al., 2004 ), yet its function remains unclear. The structural organization of 1 9 the primary olfactory network suggests diffusible messengers like NO could be fundamental in olfactory 2 0 processing (Breer and Shepherd, 1993) . Sensory afferents innervate dense, spheroidal neuropils called 2 1 glomeruli and synapse with secondary cells that facilitate signaling between and within olfactory 2 2 glomeruli (Price and Powell, 1970; Pinching, 1970) . A glomerulus is suggested to function as a unit 2 3 (Kauer and Cinelli, 1993; Hildebrand and Shepherd, 1997; Mori et al., 1999; Bozza et al., 2002 ; 2 4 Wachowiak and Shipley, 2006) and is often surrounded by several layers of glial processes (Tolbert and 2 5 Oland, 1990; Hildebrand and Shepherd, 1997) . As a diffusible messenger, NO may modify signaling 2 6 within a glomerulus because of its limited diffusion (Breer and Shepherd, 1993) . 2 7 NO is produced from nitric oxide synthase (NOS), a complex Ca 2+ -activated enzyme that 2 8
catalyzes the conversion of L-Arginine to form NO. NO affects neurons through multiple signaling 2 9 cascades including those triggered by the soluble guanylyl cyclase/cyclic guanosine monophosphate 3 0 0 preparations (Gelperin, 1994) . 1 0 1
Drug delivery into the ALs was performed according to the method described in Lei et al., 2009 . 1 0 2
Animals were restrained in a plastic tube and an hour glass window was cut in the head capsule ( Instruments, San Diego, CA) and clipped to allow solution passage. Pipettes were filled with L-NAME or 1 0 6 saline and manually inserted into each AL with 10 drops (total: 33 nL ± 11 nL std. dev.; N=3) 1 0 7 administered per lobe using a General Valve Corp, Picospritzer II (East Hanover, NJ) (volume 1 0 8 distribution visualized by injecting undiluted blue food coloring (Fig. 1) ). The moths were sealed by 1 0 9
replacing the cut window and applying myristic acid (Sigma). 1  4  6 Inc., Perry, IA) one and a half hours into scotophase and kept in dark conditions under red light. Moths 1 4 7
were restrained and injected with L-NAME, 15-30 minutes prior to conditioning. Conditioning began two 1 4 8 and a half hours into scotophase. One hour after conditioning completion, moths were tested for learning 1 4 9
by the presentation of odor alone and recording proboscis extension. Each animal was tested three times 1 5 0 with a five-second odor pulse. A positive test resulted in observed feeding movements of the proboscis 1 5 1 including full extension, uncoiling, and pumping of the "knee" (see Movie 1-3 in supplementary 1 5 2 material). Animals were scored based on each odor presentation. For example, "moth A showed proboscis 1 5 3 extension one out of three times to the CS+." Animals were also tested with a blank syringe to test the 1 5 4 effect of air flow (Blank PER% = 23%). To examine the effect of L-NAME in different memory stages, 1 5 5 the moths were injected with L-NAME prior to conditioning with hibiscus and tested at five minutes, one 1 5 6 hour, four hours, and twenty-four hours post-conditioning. 1 5 7
Odor detection: To test whether the L-NAME impairment was caused by a learning or memory 1 5 8 deficit or a disruption in odor detection, L-NAME injections were performed after conditioning. 1 5 9
Injections were performed 15-30 minutes prior to testing, and testing commenced one hour post 1 6 0 conditioning.
6 1
Discrimination between dissimilar odorants: Some neuromodulators, like serotonin, have been 1 6 2 suggested to enhance contrast resolution between different molecular classes of odorants (Dacks et al., 1 6 3
2008). NO was tested in this capacity by determining the animal's ability to discriminate between two 1 6 4 commonly encountered odorants in plant headspaces: linalool (a monoterpenoid structure) and methyl 1 6 5 salicylate (an aromatic structure). Animals were conditioned to associate one odorant with a sucrose 1 6 6 reward. Odor-sucrose conditioning was performed before L-NAME injection to rule out association 1 6 7 impairments from lack of NO. Odor-sucrose conditioning consisted of the presentation of linalool 1 6 8 (monoterpenoid), and methyl salicylate (aromatic), to each animal six times spaced four minutes apart. 1 6 9
One odorant was alternatively assigned per experiment day to be the CS+ and paired with sucrose. The 1 7 0 CS+ was always presented first. The other odorant was presented without sucrose (CS-). The animals 1 7 1
were injected and then tested one hour later after conditioning. Evaluation of odor discrimination 1 7 2 consisted of the CS+ and CS-presented alternatively (CS+ 2X; CS-2X per animal) and evaluated on the 1 7 3 proboscis extension criteria described above. 1 7 4
Statistical Analysis: 1 7 5
All statistical analyses were performed using JMP 9.0.1 (SAS). NO concentrations between 1 7 6 scotophase and photophase were evaluated for statistical significance using a two-tailed Student's T The effect of NO in olfactory learning was examined using associative-odor learning assays 1 9 8 paired with NOS inhibition before and after conditioning (Fig. 3A) . This experiment was first performed 1 9 9
using Datura, the preferred host-plant of Manduca, as the conditioned odor. Conditioning was performed 2 0 0 2.5 hours into scotophase to mimic the approximate time of day Manduca forage in the field (Gregory, 2 0 1 1963; Raguso and Willis, 2005). When NOS is inhibited before conditioning, there is a significant 2 0 2 reduction in the number of proboscis extensions one hour later as compared with vehicle controls (f (1, 2 0 3 64) = 11.18, P = .001, N = 11, 11). To test whether this impairment is the result of learning or odor 2 0 4 detection, NOS was inhibited after conditioning (Fig. 3A) . In contrast, we found no significant 2 0 5 impairment of proboscis extension one hour later (f (1, 28) = .35, P = .59, N = 5, 5). These results suggest 2 0 6 that NO does not interfere with odor detection or retrieval, but does affect learning or memory to the 2 0 7 conditioned odor. To further investigate NO and the odor associative effects, responses to a novel odor 2 0 8 were examined. The same sets of experiments were performed using hibiscus ( Figure 3A ). Similar to the 2 0 9 results with Datura, when NOS inhibition is performed before conditioning, there is significant reduction 2 1 0 in the number of proboscis extensions (f (1, 40) = 15.92, P = .0003, N = 7, 7). When NOS is inhibited 2 1 1 after conditioning, there is no significance compared with vehicle controls (f (1, 43) = 2.87, P = .097, N = 2 1 2 8, 7). NO appears to be a necessary component during the conditioning process to recognize an odor as 2 1 3 rewarding. Taken altogether, there is a significant deficit imposed by NOS inhibition prior to conditioning 2 1 4 (f (3, 104) = 9.12, P = <.0001) without regard to the conditioned odor (P = .59, post-hoc Tukey-Kramer 2 1 5 HSD). 2 1 6
NOS inhibition does not affect odorant discrimination between dissimilar odorants 2 1 7
To test whether NO affects odorant discrimination between chemically dissimilar odorants, moths 2 1 8
were tasked with associating linalool (monoterpenoid) or methyl salicylate (aromatic) with a sucrose 2 1 9 reward (CS+) (Fig. 3B ). The moths were tested by presenting the CS+ alternatively with the unrewarded 2 2 0 odorant (CS-) and observing proboscis extension. NOS inhibition was performed after conditioning to 2 2 1 rule out learning impairments caused by lack of NO. NOS inhibition does not affect successful 2 2 2 discrimination between the CS+ and the CS-(f (1, 38) = 7.6, P = .009, N = 10) and no difference was 2 2 3 found between the vehicle controls (f (1, 38) = 7.33, P= .01, N = 10) (Saline vs. L-NAME (t (39) throughout the time points, this would suggest learning acquisition is affected by NO. L-NAME-injected 2 2 9 moths show a significant impairment at the one hour time point compared with saline controls (f (1, 79) = 2 3 0 23.55, P = .0001, N = 18, 12), but unexpectedly show significant improvement 24 hours later (f (2, 159) = 2 3 1 4.48, P = .01, Post-Hoc Tukey-Kramer HSD, N = 18) (Fig. 4A) . These results suggest that NO does not 2 3 2 affect learning acquisition, but does affect a memory trace appearing one hour after conditioning.
3 3
In comparison with memory traces found in Drosophila, this time window borders short-term and 2 3 4 intermediate-term memory. A short-term memory trace appears immediately after conditioning in the 2 3 5
Drosophila ALs and disappears after seven minutes (Yu et al., 2004) . To test the effects of NO more 2 3 6 conclusively in the short-term memory window, we also tested moths at five minutes post-conditioning in 2 3 7 addition to the one hour, four hour, and twenty-four hour time periods (Fig. 4B) . At five minutes, L-2 3 8 NAME-injected moths show significant reductions in PER compared with saline controls (f = (1, 49) = 2 3 9 4.09, P = .048, N = 10, 7) and confirm our previous findings of a significant PER reduction at one hour (f 2 4 0 = (7, 196) = 6.08, P = .0003, Post-Hoc Tukey-Kramer HSD). These moths also do not show significant 2 4 1 reductions in PER at four hours and twenty-four hours. As a result, there is significant improvement in the 2 4 2 PER from short-term time points (five minutes and one hour) to longer-term time points (four hours and 2 4 3 24 hours) (f = (3, 116) = 7.347, P = < .0001, N = 10,7). These results suggest that NO affects either one 2 4 4 memory trace that spans from at least five minutes to one hour, or that NO affects two short-term memory 2 4 5 traces. Taken altogether, these studies (Fig. 4A&B) reveal that L-NAME injected moths fall into three 2 4 6 main categories when observed over time: (1) those that are inhibited in the short-term and improve 2 4 7 (57%), (2) those that remain consistently impaired (18%), and (3) those that do not show short-term 2 4 8 impairments (21%).
4 9
The anticipatory PER responses observed during conditioning also suggest NO affects short-term 2 5 0 memory. The results of the conditioning trials (collected across experiments with hibiscus as the CS+) 2 5 1 reveal that memory deficits by L-NAME appear as early as the fourth trial (Fig. 4C ). Moths were 2 5 2 conditioned to the CS+ during six trials spaced four minutes apart. During the first trial, before the CS+ is 2 5 3 paired with sucrose, there are minimal proboscis extensions to the CS+ odor. By the second and third 2 5 4 trial, all treatment groups extend their proboscis in anticipation upwards of 50% of the time. The 2 5 5 responses of the control groups, both un-operated and saline-injected moths, continue to increase with 2 5 6 additional trials. However, by the fourth trial, L-NAME-injected moths significantly drop in the number 2 5 7 of proboscis extensions compared with saline controls of the same trial (f = (1, 58) = 4.64, P = .035, N = 2 5 8 30, 30) and remain significantly impaired through Trial 5 (f = (1, 58) = 4.81, P = .032, N = 30, 30). In 2 5 9
Trial 6, L-NAME moths show reduced PER at 47% ( We have discovered that NO levels are significantly higher in the optic lobes and ALs during the 2 7 1 nocturnal active period (Fig. 2) . These findings suggest a dynamic temporal role for NO that may 2 7 2 contribute to the circadian time of olfactory-dependent activity. In Manduca, period gene products are 2 7 3 found in several cell types, including the compound eye photoreceptors, neurons in the optic lobes, and 2 7 4 glia surrounding the glomeruli in the ALs (Wise et al., 2004) . In addition, period immunoreactivity 2 7 5 identified putative circadian pacemaker cells in the antennae that include olfactory receptor neurons and 2 7 6
antennal nerve glia (Schuckel et al., 2007) . In Drosophila, antennae pacemaker cells are found to be 2 7 7 necessary and sufficient for olfactory rhythms; therefore suggesting that the components of the olfactory 2 7 8 signal transduction cascade could be targets of circadian regulation (Tanoue et al., 2004 A.) NOS inhibition by L-NAME reduces PER when injected into the ALs before conditioning but not after conditioning to both Datura and hibiscus odors. The effect of L-NAME in PER was measured vs. saline control using a One-Way ANOVA. Before conditioning, L-NAME significantly reduces PER with Datura as the CS+ (f (1, 64) = 11.18, P = .001, N = 11, 11) and hibiscus as the CS+ (f (1, 40) = 15.92, P = .0003, N = 7, 7) Asterisks denote significance between L-NAME and saline groups conditioned with the same odor. B.) L-NAME injection after conditioning does not affect successful discrimination between chemically dissimilar odorants linalool and methyl salicylate (f (1, 38) = 7.6, P = .009, N = 10, One-Way ANOVA).
Figure 4: NOS inhibition affects PER differently over time.
A.) Animals were tested at one hour, four hours, and twenty-four hours post-conditioning. L-NAME treated moths show significant improvement in PER from one hour to twenty-four hours (f (2, 159) = 4.48, P = .01, Post-Hoc Tukey-Kramer HSD, N = 18) B.) L-NAME also impairs the PER at five minutes post-conditioning and again at one hour postconditioning. At four hours and twenty-four hours post-conditioning, moths significantly improve PER to the CS+ (f = (3, 116) = 7.347, P = < .0001, Post-Hoc Tukey-Kramer HSD, N = 10, 7). (C.) L-NAME reduces PER during the later trials of conditioning with hibiscus as CS+. L-NAME injected moths significantly drop in PER during trials four (f = (1, 58) = 4.64, P = .035, N = 30, 30, One-Way ANOVA) and five (f = (1, 58) = 4.81, P = .032, N = 30, 30, One-Way ANOVA) when compared with saline controls of the same trial. 
